
REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining 
the data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for 
reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, 
VA  22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not 
display a currently valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1. REPORT DATE (DD-MM-YYYY) 

17 Oct 2010 
2. REPORT TYPE 
Journal Article 

3. DATES COVERED (From - To) 
Jan 1 2009-30 Nov 2010 

4. TITLE AND SUBTITLE 

 
 
 

 

5a. CONTRACT NUMBER 

2313HD91 

Dose-dependent Thresholds of 10ns Electric Pulse induced Plasma Membrane 

Disruption and Cytotoxicity in Multiple Cell Lines 

5b. GRANT NUMBER 

 

 

 

5c. PROGRAM ELEMENT NUMBER 
61102F 

6. AUTHOR(S) 

 
5d. PROJECT NUMBER 

 

Bennett L. Ibey1*, Caleb C. Roth3
, Andrei G. Pakhomov2, Joshua A Bernhard1, Gerald J. Wilmink1, 

and Olga N. Pakhomova2 

 

 

 

 

 

 

5f. WORK UNIT NUMBER 

 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
2
Frank Reidy Research Center for Bioelectrics, Old Dominion University, 

Norfolk, VA 

8. PERFORMING ORGANIZATION REPORT   
    NUMBER 

3
General Dynamics Inf. Tech  

Brooks City-Base, San Antonio, 

TX 
 

 

 

 

 

 

 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 

Air Force Materiel Command,    

Air Force Research Laboratory   

Human Effectiveness Directorate  11. SPONSOR/MONITOR’S REPORT  

Directed Energy Bioeffects Division        NUMBER(S) 

Radio Frequency Radiation Branch 

8262 Hawks Road 

Brooks City-Base, TX 78235 

 AFRL-RH-BR-JA-2010-0022 

12. DISTRIBUTION / AVAILABILITY STATEMENT 

Distribution A 
13. SUPPLEMENTARY NOTES 

Published in  Public Library of Science, Vol 6, issue 1 

14. Abstract 
In this study, we determined the LD50 for cell death, and the ED50 for propidium ion uptake, and phosphatidylserine (PS) externalization for 

several commonly-studied cell lines (HeLa, Jurkat, U937, CHO-K1, and GH3) exposed to 10-ns electric pulses (EP). We found that the LD50 

varied substantially across the cell lines studied increasing from 51 J/g for Jurkat cells to 1861 J/g for HeLa cells. PS externalized at doses 

lower than that required for death in all cell lines ranging from 51 J/g in Jurkat cells to 199 J/g in CHO-K1 cells. Propidium ion uptake 

occurred at doses lower than required for death in three cell lines: 656 J/g for CHO, 634 J/g for HeLa, and 142 J/g for GH3.  Jurkat and U937 

cell lines both showed substantial cell death prior to the ED50 for propidium ion uptake at 780 J/g and 1274 J/g, respectively. The mechanism 

responsible for differences observed amongst the studied cell lines was explored by evaluating cell size, calcium concentration in the exposure 

medium, and effect of trypsin treatment prior to exposure.  None of the studied parameters correlated with the observed results suggesting 

that cellular susceptibility to injury and death by 10-ns EP may partially depend on cellular physiology. In contrast to previous studies, this 

evidence suggests that permeabilization of internal membranes may not necessary be responsible for cell death by 10-ns EP.  A mixture of 

Jurkat and HeLa cells was exposed to 10-ns EP at a dose of 280 J/g. Death was observed in the Jurkat cell and not in the HeLa population 

providing evidence that 10-ns EP may provide a method for selectively killing cells within a heterogeneous tissue 

15. SUBJECT TERMS 

 ultrashort pulses, electroporation, cell death, absorbed dose, pulsed electric field, nanopermeabilization, 

nanopores, membrane permeabilization 
 
16. SECURITY CLASSIFICATION OF: 
 

17. LIMITATION  
OF ABSTRACT 

18. NUMBER 
OF PAGES 

19a. NAME OF RESPONSIBLE PERSON 

 

a. REPORT 

U 
b. ABSTRACT 

U 

c. THIS PAGE 

U 
SAR 

Unclassified 
11 

 

19b. TELEPHONE NUMBER (include area 

code) 
 

 Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. Z39.18 

 

 



OPEN @ ACCESS Freely available online :~" PLos one 

Dose-Dependent Thresholds of 1 O-ns Electric Pulse 
Induced Plasma Membrane Disruption and Cytotoxicity 
in Multiple Cell lines 
Bennett L.lbey'*, Caleb C. Roth3

, Andrei G. Pakhomov2
, Joshua A. Bernhard" Gerald J. Wilmink" Olga N. 

Pakhomova2 

, 711 'h Human Performance Wing, Radio Frequency Radiation Branch, Air Force Research Laboratory, Brooks City-Base, San Antonio, Texas, United Sta tes of America, 

2 Frank Reidy Research Center for Bioelectrics, Old Dominion University, Norfolk, Virginia, United States of America, 3 General Dynamics Information Technology, Brooks 

City· Base, San Antonio, Texas, United States of America 

Abstract 

In this study, we determined the LOso (50% lethal dose) for cell death, and the EDso (50% of cell population staining 
positive) for propidium (Pr) iodide uptake, and phosphatidylserine (PS) externalization for several commonly studied cell 
lines (HeLa, Jurkat, U937, (HO-K1, and GH3) exposed to 10-ns electric pulses (EP). We found that the LDso varied 
substantially across the cell lines studied, increasing from 51 JIg for Jurkat to 1861 JIg for HeLa, PS externalized at doses 
equal or lower than that required for death in all cell lines ranging from 51 JIg in Jurkat, to 199 JIg in (HO-K1. Pr uptake 
occurred at doses lower than required for death in three of the cell lines: 656 JIg for (HO-K1, 634 JIg for HeLa, and 142 JIg 
for GH3. Both Jurkat and U937 had a LDso lower than the EDso for Pr uptake at 780 JIg and 1274 JIg, respectively. The 
mechanism responsible for these differences was explored by evaluating cell size, calcium concentration in the exposure 
medium, and effect of trypsin treatment prior to exposure. None of the studied parameters correlated with the observed 
results suggesting that cellular susceptibility to injury and death by 10-ns EP was largely determined by cell physiology. In 
contrast to previous studies, our findings suggest that permeabilization of internal membranes may not necessarily be 
responsible for cell death by 10-ns EP. Additionally, a mixture of Jurkat and HeLa cells was exposed to 10-ns EP at a dose of 
280 JIg. Death was observed only in Jurkat cells suggesting that 10-ns EP may selectively kill cells within a heterogeneous 
tissue. 
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Introduction 

Short-duration, high voltage electric pulscs (micro and millisec­
ond duration) cause defects in the plasma membrane of cells 
[1 ,2,3J. These membrane defects can allow the transient passage 
of impermeable molecules by direct difTusion through aqueous 
pores or by electrophoresis. This tecl1nique has been used in 
conjunction with toxic agents (e.g. bleomycin) to kill specific cel ls 
and tissue, a technique called electrochemotherapy [4,5,6,7J . 
Electric pulses can also cause irreversible membrane breakdown 
resulting in cell death , termed irreversible elecb'oporation (IE) 
[8,9, I 0, 11,12, 13). Killing of unwanted cells and tissue by IE and 
clectrochemotherapy has shown to be effective in the treatment of 
cancers [4,6,9, 11,12,14). The use of ultrashort electric pulses 
(USEP) has emerged as a novel modality to kill cells based on 
theoretical and empirical results showing that USEP can cause 
intracellular membrane poration. IntraccHular poration has been 
hypothesized to lead to apop totic cc ll death resulting in an ordered 
removal of tissue by the body [15, 16,17,18,19,20). In vivo 
experim ents have also shown USEP to be a succcssful treatment 
for tumors [21,22,23J. USEP, because of their innate high 
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frequency components, also have the potential of being delivered 
remotdy by close-range antenna highlighting the importance of 
studying USEP-induced bioefTects [24,25 ,26,27J. 

Despite theoretical predictions of intracellular poration and 
empirical results, it remains unclear whether the plasma 
membrane plays a role in trigge ring cell death following USEP 
exposure. Therefore, thc "aim of this research was to mcasure cell 
survival in relation to disruptions in the plasma membrane across 
several commonly studied cell lines. Previous studies have shown 
that difTerent cell lines (HeLa, Jurkat, U937, HL-60, etc.) require 
difTerent intensities of USEP exposures to cause death [28,29,30J. 
Unfortuna tely, the exposure parameters (pulse am plitude, dura­
tion, repetition rate, and number) and the cellular environment 
(exposure bufTer) varied considerably across these studies resulting 
in an unclear understanding of the USEP exposure requirements 
for cellular death across multiple ce ll lines. However, it is believcd 
that morphological and physiological difTerences between various 
cell types do influence susceptibility to injury and death by 
ultrashort electrical stimuli [28J. In previous work, we demon­
strated that the dose required to kiliJurkat cells is substantially less 
than that required to kill U937 cc lls when exposed to 10-ns EP 
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[29,3IJ. In addition, we showed that this dose-dependent 
susceptibility appears only whcn the pulse duration is short 
«300 ns) [29]. 

Recent work utilizing patch clamp and flu orescent microscopy 
has provided sufficient evidence that the plasma membrane is not 
spared by USEP [29,32,33,34,35,36,37]' Whole-cdl conductance 
measurements in multiple cell types (CHO-Kl , GH3,Jurkat, and 
HeLa) have shown sigTlificant changes at low exposure levels 
sugges ting formation of long-lasting nanopores (minutes) in the 
plasma membrane. Results have shown a dose-dcpendence of 
nanopore formation for single and multiple pulse cxposures at 
multiple pulse widths [36]. In agreement with patch clamp resuits, 
previous groups studying death caused by USEP have obselved 
fast externalization (within minutes) of PS res idues without uptake 
of propidium (Pr) iodide suggesting changes in membrane 
organization without large pore formation [20,29,34,38,39]. This 
work shows that USEP can have profound e1Tect on the plasma 
membrane and that internal membrane permeabilization unlikely 
exists independently. A clear connection between efkcts on the 
plasma membrane of cells exposed to ultrashort pulses and cell 
death remains unproven. Without such a connection it will be 
impossible to properly guide futur e work aimed at determining the 
mechanism(s) that cells utilize to repair their membranes or die 
following USEP exposure and whether it is truly mechanistically 
different than death caused by longer duration pulses. 

Materials and Methods 

Cell Lines and Propagation 
Experiments were performed in five cell lines, J urkat clone E6-

I (human T-Iymphoeytes), U-937 (human monocytes), GH3 (rat 
pituitary), CHO-Kl (hamster ovarian epithelial), and He La 
(human cervical epithelial). The cells were obtained from ATCC 
(Manassas, VA) and propagated at 37 'C with 5% CO2 at 95% 
humidity in air. Different media were used for culturing each cell 
type as per ATCC guidelines. The media and its components 
we re purchased from ATCC and supplemented with 1% 
penicillin/streptomycin (ATCC). It was critical that the cell lines 
be exposed to 10-ns EP in a comparable way requiring the 
temporary suspension of adherent cultures; H eLa, CH3, and 
C HO-K 1 cells were harvcstcd during the logarithmic growth 
phase by rinsing the cells in 0.25 % trypsin (ATCC) for up to 5 
minutes, pelleted by ccntrifugation , counted on a Z I particle 
counter (l3eckman Coultier, Miami, FL), and resuspended at 
1200 cells/ ~L in their respective gTowth medium. Jurkat and 
U937 cells werc harvested during the logarithmic growth phase, 
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pelleted by ce ntrifugation, counted on the Z I particle counter, 
and resuspended at 1200 cells/~L in their respective growth 
medium. 

Exposure to 10-ns Pulses 
The 10-ns exposure system has been described previously 

[29,3 I ,40]. In brief, to produce a I O-ns EP, a l3lumlein line circuit 
was chargcd from a high-voltage DC power supply until a 
breakdown voltage was reached across a spark gap in a pressurized 
s"'~tch chamber. The breakdown voltage (and, consequently , the 
voltage of USEP delivered to the sample) was varied from 15 to 
40 kV by changing the pressure of SF6 gas in the s,,~tc h chamber. 
The pulser control system included a programmable gas regulator, 
pulse counter, and CPIB outputs for communication with the high 
voltage power supply and digital high-speed osc illoscope 
(TDS3052B, Tektroni..x, Wilsonville, OR). The control system 
communicated ,,~th a PC using a specialized program written in 
Lab VIEW'® (Natio nal Instruments, Austin, TX). 

For exposure, ce ll s suspended in complete growth medium were 
dispenscd into conventional electroporation cuvettes with l-mm 
(150-~L volume) or 2-mm (400-~L volume) gap between the 
elec trodes (BioSm ith l3iotech, San Diego, CAl. The amplitude, 
numbcr of pulses, and pulse shape wcre recorded for every 
exposure using a custom built pulsing contro ller and oscilloscope. 
The electroporation cuve ttes were exposcd to USEP at a room 
temperature (2 I-2 3°C). In each series of experiments, different EP 
treatments, including sham exposure, were alternated in a random 
sequence. Once fIlled with the cell suspension, cuve ttes wcrc 
subjected to USEP treatment within 20 minutes. All exposures 
were carried out at a pulse repetition frequ ency range of 1.7-
2.2 Hz. 

Dosimetry 
Table I displays the exposure parameters used in the 

experimentation and the calculated dose delivered to the cuvette. 
Due to the variability in the pulse amplitud e generated from the 
spark gap, electric fields were measured for evcry pulse and the 
average value was used to calculate the dose [3 I]. In this table, wc 
show the number of pulses (10, 30, 100, 300, 1000) and average 
electric field amplitudes (65, 105, 150,285 kV/cm) used in the 
exposures. The resultant dose was calculated as in previous 
publications [29,3 1]' Thc individual column on the right shows 
the average dose as calculated by combining doses of similar 
magnitude into a single data point. This averaging was performed 
to simplify the presentation of cell survival data on the logarithmic 
scale. 

Table 1. Exposure parameters used in this study and the calculated dose delivered to the cuvette. 

Amplitude 65 kV/cm 105 kV/cm 150 kV/cm 285 kV/cm Average Dose (Jig) 

Pulse Number 12 

10 5 14 28 101 40 

30 16 41 84 302 120 

100 52 137 279 1007 379 

300 157 410 837 3022 1070 

1000 524 1367 2790 10072 2906 

10072 

The exposure parameters are shown in the top row and left column of the table. The dose calculated from these exposures is presented in corresponding cells. The 
average dose, generated by combining doses at a similar magnitude, is presented in the right-most column. 
doi:1 0.1371 fjournal.pone.0015642.t001 
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Cell Survival 
To obtain survival data for the 5 different cell cultures at 

24 hours post exposure, an MTT Cell Proliferation Assay (3-(4,5-
Dimcthylthiazol-2-yl)-2,5-diphenyltetrazoJium bromide, ATCC, 
Manassas, VA) was used. Exposed cells were aseptically aliquoted 
into a 96-well plate, in triplicates at 50 x l 03 cells/well, and diluted 
to 100 III with fresh growth medium. The plate was incubated at 
37°C, with 5% CO2 in air. At 22 hours after EP treatment, 10 !J.I 
of MTT reagent was added to each well, and incubation 
continued for 2 hours. Formed blue formazan crystals were 
dissolved by adding the solubilization bu fTer (100 iJ.L!wcll) and 
placing the plate on an orbital shaker overnight. Absorbance at 
570 nm was read the next day using a Synergy HT microplate 
reader (BioTEK, Winooski, VT), and the readings in EP-exposed 
samples were normalized to parallel con trols. 

Flow Cytometry and Confocal Microscopy 
Upon exposure to 10-ns EP, aliquots of the cellular suspension 

were added to a tube containing full med ium , 0.1 % Annexin V­
FITC (BD Pharmingcn, San Diego, CAl, and 0.02% propidium 
iodide (Sigma-Aldrich, St. Louis, MO). The cells wcrc incubated 
for 15 minutes at room temperature, in amber tubes, in the 
presence of the dyes to allow for uptake of Pr and adequate 
binding of Annexin V-FITC [18,41,42]. Following this incubation 
period, the cells were quickly resuspended by mild vortexing and 
analyzed with an Aeeuri C6 Flow Cytometer (Accuri Cytometers, 
Inc., Ann Arbor, MI). Samples \Nere run in triplicate at a set 
analysis volume (75 iJ.L). Sham-exposed samples and those treated 
with 0.005% digitonin were used as negative and positive controls, 
respectively. Flow analysis was performed by gating the cellular 
population and appropriately comp ensating the fluorescent 
overlap between Annexin V-FITC and Pr channels. Percentage 
of positive fluorescent expression in the gated population was 
measured by applying a threshold to the sham population, 
allowing for approximately 5- 10% of the cells to appear as 
positive. This binary analysis method was used to ensure highest 
possible sensitivity for membrane permeabilization. The expres­
sion of PS was measured following exposure of each cell type to 
100, 10-ns pulses at four distinct E-field intensities (35 , 60, 105, 
150 kV/cm). The uptake of PI' was measured by exposing each 
cell population to a high E-fIeid (200 kV /cm for Jurkat, GH3 and 
285 kV/cm for U937, BeLa, CHO-Kl ) at increasing pulse 
numbers (10, 30, 100, 300). Survival data was processed and 
plotted using Grapher® software (Golden Software, Golden, 
Colorado). Flow eytometry results were processed in C6 software 
(Aecuri Cytometers, Inc., Ann Arbor, l\tll) and FCSExpress 
software (DeNovo Software, Los Angeles, CAl. Final analysis 
and presentation of flow cytometry results were also generated 
using Grapher®. 

Confocal images of cells were taken following USEP exposure to 
validate flow cytometry measurements. Cells exposed to either 100 
pulses at 105 kV / cm, or 0.005% digitonin, or sham-exposed, were 
stained similarly to the above protocol for flow cytometry. 
Following the labeling procedures, cells were placed into a dish 
containing a glass bottom coverslip (1\!IatTek Corp, Ashland , .MA) 
and placed on a Zeiss 710 LSM microscope (Zeiss MicroImaging, 
Thornwood, NY). Fluorescent images of Jurkat were captured 
simultaneously by two PMT's, set for Pr (>590 nm) and FITC 
(500-550 nm) emission wavclength ranges, using 488 nm argon 
laser excitation through a 20X, 0.8 NA objective. Brightfield 
images were also captured using the 488 nm argon laser and the 
transmission PMT channel. Images were processed using Zen® 
software (Zeiss MicroImaging, Thornwood, NY). 

... ~... PLoS ONE I www.plosone.org 

Toxicity of 10ns Pulses in Multiple Cell Lines 

Calcium Measurement and Calcium-doped Exposure 
Calcium concentration of each complete medium was measured 

using a QuantiChrom D'l Calcium Assay Kit (BioAssay Systems, 
Hayward, CAl. The kit was used according to the manufacturer's 
protocol and thc samples were read on the BioTek Synergy BT 
(BioTek, Winooski, VT) at 612 nm. Using a standard curve of 
known calcium dilutions, the concentration of calcium for each 
cell line's complctc medium was determined. To investigate the 
impact of additional calcium within the exposure medium, 
calcium chloride was added to Jurkat media to final calcium 
concentrations of 2.1 mM or 5. 1 mJvI. Jurkat cells were placed in 
the calcium-doped medium and exposed to increasing pulse 
numbers at 60 kV /cm. Following exposure the MTT assay was 
run as previously described. 

Effect of Trypsin on Cell Survival 
In order to expose adherent cells within an electroporation 

cuvette , trypsin treatment was unavoidable. To determine whether 
trypsin treatment has an impact on cell survival, Jurkat cells were 
exposed to trypsin to mimic an equivalent experimental protocol 
as employed for the adherent cell lines. To do this, J urkat cells 
were rinsed in a PBS (ATCC) solution and suspended in a 5% 
trypsin solution. After 5 minutes, cell medium was added to the 
flask and the cells were allowed to rest for 30 minutes. Cells were 
exposed to 60 k V /cm using 10,30, 100, or 300 pulses. Following 
exposure, the cells were placed in a \Nell plate and allowed to 

recover over a 24-hour period. l\tITT assay was used to assess 
cellular survival. 

Simultaneous Exposure of Jurkat and HeLa Cell Lines 
It was unclear whether the sensitivity observed in single cell 

exposures would hold true in a heterogeneous sample. To study 
this, HeLa and Jurkat ceUs were counted using a Z 1 particle 
counter (Beckman Coultier, Miami, FL) and mixed at a 50% cell 
ratio in complcte growth medium (RPMI 1640 media with 10% 
FBS and 1 % pen/strep). The heterogeneous mixture was allowed 
to grow for 96 hours to eliminate any artifacts brought on by 
sudden change of media for BeLa cells. Prior to exposure , the 
supernatant containingJurkat cells was removed and trypsin was 
used to isolate BeLa cells. The two populations were then 
recounted and remixed within an electroporation cuvette at 50% 
cell ratio for exposure. Cells were exposed to 100 pulses at 0 and 
150 kV / em. The exposed popUlations were plated and allowed to 
grow for 24 hours in RPMI 1640 medium. Following that growth 
period Jurkat cells were removed with the supernatant and 
separate MIT assays were run for both cell lines. 

Results and Discussion 

Cell Viability 
Figure I shows the cell survival recorded by MIT for Jurkat 

and BeLa cells exposed to increasing pulse numbers at 60, 105, 
150, and 285 kV /cm. Jurkat cells appear to be more sensitive to 
the efTects of 10-ns pulse exposure than BeLa cells at all exposure 
levels. Increased death with increasing pulse number or pulse 
amplitude is seen in both cell lines. As in the previous work, a 
resistive tail remains within the populations; this is due either to 
non-uniform sample exposure or to a subpopularion or ce lls that 
arc abnormally resistant [29]. In contrast to Jurkat cells, HeLa 
cells respond only to the highest electric field and show an 
increasing efTect with increasing pulse number. 

In Figure 2, we show the resulting cell survival data for all 5 ce ll 
types as related to the average dose calculated in Table I. A 
logarithmic fit was applied to the data to calculate the point at 
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Figure 1. Jurkat and Hela survival de<reases with increasing electric f ield amplitude and pulse number. Cell survival curves for Jurkat and 
HeLa cells exposed to 60,105,150, and 285 kV/cm. The data shows that the number of cells that survive post-exposure decreases with increasing electric 
field and pulse number. For all exposures, Jurkat cells are more sensitive than HeLa cells. Data points represent the average survival. (mean +/­
s.e., n = 3-5). 
doi:1 0.1371 /journal.pone.0015642.g00l 

which 50% of the cells die (LD3o). HeLa, the most resistant cell 
line tested, had an LDso ofl861 J /g whereasJurkat celis, the most 
sensitive cell line, had an LDso of 51 J / g. This represents a nearly 
40 times increase in dose needed to kill one cell type versus 
another. The slopes of the dose response curves for each cell line 
are quite similar suggesting that the mechanism responsible for cell 
death may be the same. Shifts in the dose response curve suggest 
that acute membrane and internal cellular damage may depend on 
cellular physiology and/ or different cell lines may be better able to 
repair damage by active and passive mechanisms following JO-ns 
EP exposure. 

Measuring Plasma Membrane Disruption by Flow 
Cytometry 

To better understand the mechanism responsible for cellular 
death across the difrerent cell lines, we chose to focus on the 
plasma membrane. It is unclear whether subtle membrane 
disruption is, in itseU; a stressful enough event to cause cell death. 

'."it/fjj).'. PLoS ONE I www.plosone.org 4 

To investigate subtle changes induced in the plasma membrane, 
we chose to monitor the cxternalization of phosphatidylserine (PS) 
molecules on the outer leai1et of the plasma membrane by utilizing 
FITC-labeled Annexin V dye. The chain of events leading to the 
externalization of PS following USEP exposure remains unknown 
with hypotheses proposing lateral diffusion of PS through 
nanopores within the membrane [34J and calcium ini1ux-induced 
activation of scramblase [43J. Despite the ambiguity of the 
mechanism ultimately causing externalization of PS, it remains a 
reliable marker of membrane disruption known to occur at 
thresholds well below that for propidium ion uptake. 

Figure 3 shows raw i10w cytometry data from J urkat cells. The 
forward and side scatter density plots of the pure cell population 
along with the compensated reading from both i1uorcscent 
channels is shown (for cells exposed to 105 kV /cm, 100 pulses, 
0.005% digitonin, or sham-exposed). The USEP-exposed cells 
show a substantial portion of the population expressing PS on the 
plasma membrane surface, while remaining impermeable to Pr. In 
contrast, digitonin causes plasma membrane degradation allowing 
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Figure 2. Cell survival as determined by d ose in several cell 
t ypes. Mean survival values (+1- s.e., in % relative to sham-exposed 
control, n = 3-5) are plotted against the dose delivered to the cuvette. 
Logarithmic fit lines (dashed) reveal significant differences between cell 
populations. LDso values (Jig) are displayed in the legend for each 
population as calculated using the logarithmic fit. 
doi:10.1371 /jollrnal.pone.0015642.g002 
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the influx of Pr and positive staining for PS. Flow cytometry data 
were obtained for both fluorescent dyes using a threshold based on 
the sham-exposed population. Figure 4 shows laser scanning 
confocal microscopy images for each fluorescent dye and a 
corresponding brightfield image. The first column of images shows 
minimal positive expression of Annexin V-FITC and Pr occurs in 
the sham population. The second column of im ages show that cells 
exposed to 100, 10-ns EPs at 105 kV/ cm positively express 
Annexin V-FITC with minimal Pr fluorescence. In the third 
column, the positive control, 0.005% digitonin, shows positive 
Express ion of both dyes. "Vhile these images can only show a small 
subset of the exposed population, they agree well with flow 
cytometry res ults presented in Figure 3. 

Figure 5 shows the flow cytometry results for Jurkat (A,C) and 
H cLa (B,D) cell lines. The USEP-exposed .J urka t (A) were positive 
for PS cxtcrnalization without substantial uptake of Pr, thus 
agreeing with previous publications [26,3 9J. When compared to 
HeLa (B) , J urkat appear to externalize PS at lower field strength, 
suggesting that physiological differences between the cells likely 
cause dillerences in sensitivity. This finding reinforces previous 
results obtained using patch clamp technique that showed that 
H eLa required substantially higher electric field than Jurkat to 
obtain the same measured changes in plasma membrane 
conductance [37 ,44]' Figure 5C & D show two graphs depicting 

0.005 % 
Digitonin 

1O' 

10' 

R4 

10~ 
FSC-H 

10 ' 10' 
FL1-H 

10' 
Fl2-H 

Optical Scatter 

10' 

Annexin V - FITC 

10' 10' 

Propidium Iodide 

10f 10' 

Figure 3. Binary determination of positi ve phosphatidylserine (PS) expression and propidium uptake by flow cytometry. Plots of the 
forward and side scatter (top) of sham-exposed celis, and cells exposed to either 105 kV/cm USEP or 0.005% digitonin (positive control for both dyes). 
Histograms of fluorescent count for Annexin V-FITC (middle) and PI (bottom) are also shown. The solid line represents the threshold used to 
determine the percent of the cellular population that stains positive for each dye. 
doi:10.1371 /journal.pone.0015642.g003 
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Figure 4. Confocal f luorescent images of Annexin V-FITC expression in USEP-exposed Jurkat. Images detail the fluorescent staining of 
Jurkat ce lls following sham-exposure, exposure to 100 USEP at 105 kV/cm, and 0.005% digitonin. 
doi:l 0.1371 /journal.pone.0015642.g004 

the results obtained by increasing the electric field to 215 kV / cm 
for J urkat and 282 k V / cm for I-leLa and increasing the pulse 
number. In both cell lines, Pr can be brought into the cell if 
enough pulses are delivered. A substantial drop in cells showing PS 
externalization is seen at the highest pulse numbers for J urkat ceUs. 
The reason for this drop is unknown, but substantial changes in 
ceU morphology are seen in the forward and side scatter channels 
at these exposure levels (data not shown). Figure 6 shows the 
resulting dose-response curves for PS externalization and Pr 
uptake of all cell lines studied. These data show that the thresholds 
for PS extemalization is lower than for Pr uptake for all ceU types 
tested. Interestingly, the thresholds for PS appear to vary, whereas 
the thresholds for Pr uptake, with the exception of GH3, appear 
quite similar. 

Plasma membrane disruption versus cell death 
In Figure 7, we have compared LDso to the effective doses 

(EDso) to cause 50% of cells to externalize PS and to cause 50% of 
ce lls to uptake Pr. HeLa, GH3 and CHO-Kl become permeable 
to Pr at doses that are at or below that required for ce ll dea th . This 
result suggests that intracellular membrane permeabilization is not 
likely to be soldy responsible for ceU death at 10-ns duration 
exposures. ' '''e conelude that the mechanism by which these cells 
die may be quite similar to that of irreversible electroporation. The 
data also shows that J urkat and U937 have LDso's below that of 
the EDso for Pr uptake. This result suggests that these ce lls either 
experience much delayed Pr uptake (greater than 15 minutes post 
exposure) and die by a similar mechanism as the other cell lines or 
rue by a completely different mechanism possibly related to 
regulation of ion imbalance. However, we show that for all cell 
lines, the dose required for death always exceeds that for PS 
externalization. These results do in fact show, as seen in Figure 3, 
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that the dose delivered by changing the amplitude or number of 
10-ns pulses will have a different efleet on differe nt cell types. In 
other words, these data suggest that killing of cell s by 10-ns pulses 
is potential ly selective due to inherent differences in cellular 
physiology. 

Role of Cell Size in Cell Survival 
Conventional electroporation theory states the radius of th e cell 

in a uniform field increases the induced steady-state transmem­
brane potential. This theory suggests that a smaller cell will be less 
apt to form pores than a larger ceU due to a smaller induced 
transmembrane potential [2,3,45,46,4·7,48]. While the assump­
tions built into this theory apply speciftcally to micro and 
millisecond duration pulses, cell size will likely impact the degree 
of membrane poration for USEP exposures as weU [49,50]. To 
investigate this, we measured cell size across the studied ce ll lines 
using the forward scattering channel of the flow cytometer. 
Figure 8 shows that Jurkat are the smallest followed by a nearly 
eve n sizing of GH3, CHO-Kl , and U937 , with H eLa being the 
largest. This result would suggest that Jurkat should be less 
vu lnerable to pOl-ation at any given dose than H eLa. Our fl ow 
cytometry data suggests the opposite, with the EO 50 for PS 
external ization being lower for J urkat than H eLa. Interes tingly, 
Jurkat have nearly the same EDso for Pr uptake as HeLa, but a 
large difference is seen in cell survival. This mirrors results by 
Cemazar et al. that showed multiple cell lines exposed to J 00 ,U.s 

EPs, at I Hz, have nearly identical thresholds for Pr uptake, but 
saw large differences in survival. They too noted that the smallest 
cells (SA-l sarcoma) proved the most electrosensitive, while ETA, 
the largest cells proved the least electrosensitive [51]. Agarwal et at. 
studied the response of single cells to ms duration EP and 
determined that larger cells were easier to permeabilize, but 
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Figure 5. The effect of the E-field and pulse number on USEP-induced externalization of phosphatidylserine (PS) and uptake of 
propidium ions (Pr). PS and Pr fluorescent expression for Jurkat (A,C) and HeLa (B,D) exposed to increasing electric fields between 0-150 kV/cm at 
100 pulses per exposure and 0.005% digitonin. Externalization of PS appears in Jurkat at lower field amplitudes than in HeLa. Both cell lines exposed 
to digitonin stained positive for both PS and Pro C and D show percent of Pr positive Jurkat and HeLa after exposure to increasing number of pulses at 
217 and 285 kV/cm, respectively. (mean +/- s.d., n = 3 measurements of 25,000 cells). 
doi:10.1371/journal.pone.001S642.g00S 

harder to kill as the permeabilization alfected only a small portion 
of the overall cell surface [48]. This theory would hold true for 
Jurkat and H eLa ce ll lines given the data presented within this 
manuscript, bu t the data for the remaining three cell lines of nearly 
equal size requires additional explanation. Overall, it does not 
appear that ce ll size is the only factor dictating the degree of 
membrane disruption and cdl survival. 

Impact of Extracellular Calcium Concentration on Cellular 
Survival 

The culture media used for each ccll type contained different 
amounts of calcium. The impact of calcium concentration on cell 
death caused by 10-ns EP is no t known and may have contributed 
to the observed cell-type specific di[ferences in survival. Figure 9A 
shows the composition of calcium ",jthin each individual cell 
medium measured experimentally. Specifically, Jurkat and U937 
are in RPMI 1640 medium, CHO-Kl and GH3 are in Fl2K 
medium (GH 3 media has 2.5 % horse serum), and BeLa is in 
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EMEM medium. Although the dilfercnees in Ca concentration 
between the tested media were small, we sought to better 
understa nd the impact of calcium on cell survival. T o do this, 
we exposed Jurkat to USEP in media containing 0.6, 2.1 , and 
5 .1 mM calcium (Figure 9E). These experiments established tha t, 
addi tional calcium has a deleterious e[fect on the J urkat cell 
viability (Figure 9C). Additional calcium causes a distinct left shift 
of the dose-response curve ,vith the predicted L.Doo dropping from 
39 to 9 .7 J / g. Assuming this calcium-dependent increase in cell 
death is not cell-type specific, one would expect H eLa to have a 
lower LDoo than Jurkat; howcvcr the opposite is presented in 
Figure 2. Furthermore, one could expect that ifHeLa were placed 
in medium containing less calcium, they may be even more 
resistant to USEP-induced death. This data suggests that, while 
increasing medium calcium concentration lowers the L.D5o in 
J urkat exposures, the differcnces in cell survival across the cell lines 
are unlikely duc to inherent differences in medium calcium 
concentration. 
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s.d., n = 3 measurements of 25,000 cells). 
doi:1 0.1371 /journal.pone.0015642.g006 

Impact of Trypsin Treatment on Cell Survival 
The use of tryps in to detach adherent cultures for exposure 

could be a confounding factor affecting the response of adherent 
cells to USEP. Previous work has shown that cel ls exposed to 
trypsin showed trypan blue uptake for up to 90 minutes post 
exposure implying cells were dead [52,53). However, electro­
permeabilization of plasma membranes can be a lasting effect 
taking hours to fu lly recover depending on the exposure conditions 
and cellular environment [54,55] . We aimed to determine the 
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Figure 7. Comparison of EDso for PS externalization a nd 
propidium uptake with LDso in different cell lines. Error bars 
represent the 95% confidence intervals, as calculated from best fit using 
logarithmic function (see Fig. 2 and 6). 
doi:1 0.1371 /journa I.pone.OO 15642.g007 
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effeet of trypsin on ce ll survival within our experiments by treating 
Jurkat with tryps in similarly to adherent eell lines. Figure 10 shows 
thatJurkat cells exposed to trypsin have nearly the same degree of 
eell death as those not exposed to it. Based on these finding, we 
believe that exposure of cells to trypsin does not impact 24-hour 
survival fo llowing USEP exposure. 
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Figure 8. Cell size in tested cell lines as estimated by forward 
light scattering. Bar heigh t represents the mean of three samples of 
each cell line and the error bars represent the standard deviation. 
doi:10.13711journal.pone.0015642.g008 
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Exposure of Heterogeneous Sample 
Figure J J shows the MTT results from a combined exposure of 

HeLa and Jurkat cells in RPMI media. USEP exposure heavily 
impacted the viabili ty of the Jurkat cells with little or no effect on 
HeLa at 150 kV/em. While these data a re not meant to be a 
conclusive look at the impact of USEP in heterogeneous samples, 
they show that large differences seen in isolated cell exposures can 
translate into a heterogenEOus cxposure system. Additionally, 
HeLa and J urkat were exposed in the same medium and similar 
results to Figure 2 were seen suggesting that exposure of individual 
cultures in their respective media had little or no effect on 
observed differences in su rviva!. 

Summary 
This paper compared the LD50 for cellular death to the ED50 

for plasma membrane disruption , using (\.1'0 endpoints, across 
various cell lines. W e have shown that all cells studied externalize 
PS at lower doses than Pr uptake. We found that some cell lines 
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Figure 10. Trypsin treatment does not affect survival of USEP­
exposed Jurkat cell s. Jurkat cells were exposed to 0, 30, 100, or 300, 
10-ns pulses at 60 kV/cm. MTT absorbance measurements were taken 
24 hours post exposure. Trypsin treatment appears to have no effect on 
long-term survival of Jurkat cells. (mean +/ - s.e, n =3). 
dOi:10.13711journal.pone.0015642.g010 
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(HeLa and CHO-KI ) appear to respond only to high doses of 
USEP and that observed effects progressed from subtle membrane 
changes (PS externalization) to Pr uptake to death. In contrast, 
Jurkat and U937 had LD50 values well below the ED50 for Pr 
uptake. This finding suggests that the cell lines chosen in previous 
studies may have led to conclusions about specific USEP-induced 
cellular effects that arc unlikely to be true for all cell types. 

We also investigated the mechanism responsible for the 
observed differences in cellular survival by investigating the 
impact cell size, calcium concentration, and trypsinization may 
have on cell survival. W e found that increasing calcium 
concentration in the external media lowered the LDso, and that 
trypsin exposure had no appreciable impacl on cellular survival. 
By combining HeLa and Jurkat in RPMI medium, to form a 
heterogeneous sample, we found that we could achieve preferen­
tial kill based on the estimated dose obtained from homogenous 
sample exposures. These results show the potential for USEP to 
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Figure 11. Dose-dependent changes in survival are retained in 
a heterogeneous cell mixture. Jurkat and HeLa cells were exposed 
in mixture to a 100 pulse train of 10-ns EP at 150 kV/cm, resulting in 
efficient killing of Jurkat but little effect on HeLa cells. (mean +/ - s.e, 
n=3). 
doi:10.1371 /journal.pone.0015642.g011 

January 2011 I Volume 6 I Issue 1 I e15642 



kill cells preferentially based on inherent susceptibilities across 
diverse cell lines. While this specific finding requires future work to 
determine the mechanism(s) that determine cellular susceptibility 
and proving its validity in a biologically relevant tissue, the 
poten tial of this fmding for biomedical applications of USEP 
cannot be ignored. 
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